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Abstract

Introduction: Diagnosis of dementia in the aging brain is confounded by the

presence of multiple pathologies. Mixed dementia (MX), a combination of Alz-

heimer’s disease (AD) proteins with vascular disease (VD), is frequently found

at autopsy, and has been difficult to diagnose during life. This report develops

a method for separating the MX group and defining preclinical AD (presence

of AD factors with normal cognition) and preclinical VD subgroups (presence

of white matter damage with normal cognition). Methods: Clustering was

based on three diagnostic axes: (1) AD factor (ADF) derived from cerebrospi-

nal fluid proteins (Aβ42 and pTau), (2) VD factor (VDF) calculated from

mean free water and peak width of skeletonized mean diffusivity in the white

matter, and (3) Cognition (Cog) based on memory and executive function.

The trichotomy method was applied to an Alzheimer’s Disease Neuroimaging

Initiative cohort (N = 538). Results: Eight biologically defined subgroups were

identified which included the MX group with both high ADF and VDF (9.3%)

and a preclinical VD group (3.9%), and a preclinical AD group (13.6%). Cog

is significantly associated with both ADF and VDF, and the partial-correlation

remains significant even when the effect of the other variable is removed

(r(Cog, ADF/VDF removed) = 0.46, p < 10�28 and r(Cog, VDF/ADF

removed) = 0.24, p < 10�7). Discussion: The trichotomy method creates eight

biologically characterized patient groups, which includes MX, preclinical AD,

and preclinical VD subgroups. Further longitudinal studies are needed to

determine the utility of the 3-way clustering method with multimodal biologi-

cal biomarkers.

Introduction

In 2015 more than 45 million people suffered from Alz-

heimer’s disease and related dementia (ADRD), and this

number is expected to dramatically increase to 75 million

by 2030, and further to 132 million by 2050.1,2 Multiple

pathological processes contribute to cognitive impairment

in the aging brain and overlapping syndromes confound

clinical diagnosis, which can be improved with bio-

markers from imaging, cerebrospinal fluid (CSF) and

blood. Pathological studies indicate the combination of

AD and vascular disease, referred to as mixed dementia

(MX), is the most common form of dementia.3–5 How-

ever, diagnosis of MX during life has been problematic,

leading to an intense search for biomarkers to improve

classification.6–9

Clinical trials that include homogeneous patient

groups targeting a specific pathophysiological process are

more likely to succeed with fewer participants for ade-

quate statistical power.10 The formula, amyloid (A), tau

(T), and neurodegeneration (N), improves diagnosis of

AD.11 While using this formula has improved the diag-

nosis of AD, it fails to capture several other contributory

factors (e.g., vascular disease and synucleinopathy). To
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remedy that deficiency, an expanded formula that

includes other diagnoses, ATXN, has been proposed,

where “X” represents novel candidate biomarkers for

additional pathophysiological mechanisms.12 Adding bio-

markers from CSF and positron emission tomography

(PET) improves biological diagnosis, advancing AD

research, it is magnetic resonance imaging (MRI), espe-

cially diffusion imaging that identifies white matter dam-

age, making it a surrogate for vascular damage, but they

can be caused by other pathologies as well.13 The pres-

ence of WMH does not confirm presence of cerebral

small vessel disease (CSVD). At present, neuropathology

of postmortem brains is the only sure confirmation for

the presence of vascular disease, and large differences

exist between white matter damage seen in MRI images

and CSVD seen in neuropathology.14 We know that

white matter damage is not unique to CSVD, hence

studies that combine MRI-based markers of white matter

damage with fluid biomarkers to give a CSVD diagnosis

would be useful. The recent STRIVE-2 criteria have

endorsed both mean free water (mFW) in white

matter15–17 and peak width of skeletonized mean diffu-

sivity (PSMD)18 calculated from diffusion tensor imag-

ing, as among the best currently available indicators of

microvascular damage to the white matter.19 We com-

bined AD proteins in CSF with MRI markers to show

white matter injury in a double-dichotomy clustering

classification method that made the diagnosis of MX

possible during life and separated dementia patients into

four groups.20 However, our prior report had several

drawbacks, including the small sample size from a single

center and lack of a cognitive dimension. In this report

we expanded the number of subjects to over 500 with

the Alzheimer’s Disease Neuroimaging Initiative (ADNI)

database and added a cognitive dimension to the

double-dichotomy, forming a three-dimensional “trichot-

omy” clustering method that improved homogeneity by

creating eight patient groups.

The ATN framework was based on each axis being

defined by the three different pathological processes

appropriate for AD diagnosis.11 Our proposed system

uses three-axes based on the goal of distinguishing Alzhei-

mer’s and vascular disease, and to further distinguish sub-

jects with normal and low cognitive performance. Our

proposal combines the “AT” of ATN into one Alzheimer’s

disease factor (ADF) and adds two other independent

measures to characterize vascular disease, a vascular dis-

ease factor (VDF) and a composite cognition (Cog) mea-

sure of executive and memory function. They are defined

as functions of appropriate biomarkers with their range

in [0,1] and a cut-point = 0.5. The three scores are plot-

ted orthogonally and the threshold of 0.5 divides the sub-

jects into eight groups.

Materials and Methods

Subjects

The participants were selected from the Alzheimer’s Dis-

ease Neuroimaging Initiative (ADNI2 and ADNI3) data-

base (http://adni.loni.usc.edu) if they had, (a) CSF

measurements of Aβ42 and pTau, (b) MRI diffusion and

FLAIR measurements, and (c) composite scores for mem-

ory (ADNI_MEM) and executive function (ADNI_EF).

The ADNI was initiated in 2003 by NIH under the lead-

ership of Dr. Weiner. The primary objectives of ADNI

were to identify biomarkers to measure progression of

mild cognitive impairment (MCI) and early identification

of AD (www.adni-info.org). Institutional review board

approval was obtained from each of the multicenter sites,

and an informed consent was obtained for each study

participant. We maintained the original ADNI diagnostic

classification for reference with a change in the naming

convention to distinguish the original clinical diagnosis

from our proposed biological diagnosis. ADNI classifies

the subjects into three groups based on a clinical and

neuropsychological evaluation: (a) cognitively normal

(aCN), (b) mild cognitive impairment (aMCI), and (c)

Alzheimer’s disease (aAD). The subject demographics are

in Table 1.

The eight biologically defined groups are summarized in

Table 2. In the earlier work20 the bCN group (cognitively

normal with no AD or VD factors) was diagnosed sepa-

rately and was not part of the double-dichotomy analysis.

The four groups shared with the double-dichotomy

methods are, bMX = biological mixed dementia,

bAD = biological Alzheimer’s disease, bVD = biological

vascular disease, and bCNVD = biological leukoaraiosis

(normal cognition with white matter changes on FLAIR).

The three new groups are, bCL = cognitively low per-

formers with no AD or VD factors, bCNMX = cognitively

normal with both AD and VD factors, and

bCNAD = cognitively normal with only AD factors. The

cognitively normal groups with AD or VD factors may be

important in a longitudinal study of disease progression.

Biochemical assessments

ADNI used the Elecsys system for measuring Aβ42 (pg/

mL) and pTau (pg/mL) values in CSF. We obtained these

values from the ADNI database. Several previous studies

have determined suitable cutoff values by comparing these

CSF-based measurements to 18F PET studies.21,22 There

are other studies that have shown that using ratios

(Aβ42/Aβ40, pTau/Aβ42, pTau/Aβ40) is better than using

individual biomarkers for predicting clinical progression

of AD or for predicting 18F PET status.21,23,24 This study
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uses a composite score based on the ratio pTau/Aβ42 to

characterize AD. A larger value of the composite score

captures the low concentration of Aβ42 and the high con-

centration of pTau present in AD. A cutoff value of 0.022

was used to define AD-positive subjects.21

Composite cognitive scores

The methods of obtaining composite memory function

and executive function scores and the advantages of using

composite scores have been previously summarized.25–27

ADNI_MEM was based on longitudinal Rey Auditory

Verbal Learning Test (RAVLT, 2 version), AD Assessment

Schedule—Cognition (ADAS-Cog, 3 version), Mini-

Mental State Examination (MMSE), and Logical Memory

Data. ADNI_EF was based on WAIS-R Digit Symbol Sub-

stitution, Digit Span Backwards, Trails A and B, Category

Fluency, and Clock Drawing.

MRI acquisition

The MRI protocol details are available (https://adni.loni.

usc.edu/). The ADNI2 dataset has thick slices for the

FLAIR sequence and larger voxel size for the diffusion

sequence. All diffusion calculations were only done with

shells b = 1000 s/mm2 and b = 0 s/mm2, with higher

order shells excluded (ADNI3 advanced protocol). This

minimized the difference between diffusion measures cal-

culated from different ADNI datasets. The white matter

hyperintensity volume (WMHV), mFW in white matter,15

and PSMD18 were calculated based on methods described

earlier,28 and the scripts available on the MarkVCID web-

site (https://markvcid.partners.org/consortium-protocols-

resources). In all regression analyses a protocol variable

was used to account for differences across ADNI

protocols.

Calculation of normalized composite scores

The four steps for calculating CSnorm are summarized in

Figure 1 and the mathematical details are described in the

Supplementary Materials. We (1) select the biomarkers

for defining the composite score, (2) define the mathe-

matical formula for calculating the raw composite score

(CSraw) and a cutoff (cth) based on a classification algo-

rithm (for VDFraw and Cograw) or an independent study

(for ADFraw), (3) calculate f CSrawð Þ, the probability den-

sity function of CSraw, and (4) calculate a uniform nor-

malization transform (UNT, a function f CSrawð Þ) to map

CSraw to CSnorm in the range (0,1) and the cutoff to 0.5.

CSnorm is a monotonically increasing function of CSraw,

which maintains the relative order of individual scores,

and CSnorm is approximately uniformly distributed in the

range (0,1). The method to calculate CSraw was slightly

different for the three biomarkers (VDF, Cog, and ADF),

while the same algorithm transformed CSraw to CSnorm for

all three biomarkers. The method for calculating CSraw
and the details of mapping CSraw to CSnorm are described

with greater detail in the Supplemenatry materials.

VDFraw was calculated as a linear function of white mat-

ter mFW and PSMD calculated from a diffusion image. The

linear function was defined by linear discriminant analysis

(LDA) of separating the UNM cohort into controls and

subcortical ischemic vascular disease (SIVD) groups

(Fig. 1A). The UNM data were used for calculating VDFraw

because they had recruited subjects with clinically

Table 1. Demographics of participants. aCN, aMCI, aAD are the three groups defined in the ADNI database as cognitively normal, mild cognitive

impairment, and Alzheimer’s disease.

Measure aCN aMCI aAD Total

Participants 283 186 69 538

Age 71.2 (6.3) [66.85, 75.45] 71.9 (7.5) [66.8, 77.48] 72.8 (8.2) [66.1, 77.7] 71.7 (7.0) [66.8, 75.45]

Sex (males %) 39.9% 57.0% 60.9% 48.5%

Education 16.8 (2.3) [16, 18] 16.1 (2.6) [14, 18] 15.6 (2.6) [14, 18] 16.4 (2.5) [14.25, 18]

12 < education ≤ 16 41.0% 47.3% 52.2% 44.7%

Education >16 52.9% 39.2% 30.4% 44.8%

Ethnicity: Not Hispanic

or Latino

93.6% 95.7% 89.9% 93.9%

Race: White 91.5% 90.9% 98.6% 92.2%

BMI 27.4 (5.0) [23.8, 30.2] 27.6 (4.7) [24.5, 29.8] 26.6 (5.4) [23.0, 28.6] 27.4 (5.0) [24.0, 29.9]

BP Systole 135.1 (16.2) [125.0, 145.0] 134.4 (16.8) [123.0, 145.0] 134.8 (16.7) [123.0, 145.0] 134.8 (16.4) [24, 145.5]

Hypertension (exists) 86.2% 89.8% 92.8% 88.3%

High cholesterol (exists) 54.1% 61.3% 59.4% 57.2%

Diabetes (exists) 12.4% 14.0% 13.0% 13%

Summaries are mean (SD) [25%, 75%] for numeric values, and percent for categorical values.
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diagnosed vascular cognitive impairment and included a

more extensive range of white matter damage than the

ADNI dataset. White matter hyperintensity volume

(WMHV) was excluded for calculating the composite

scores because it did not improve the classification of sub-

jects into control and patient groups, both mFW and

PSMD had higher correlation with executive function than

WMHV, and they do not depend on a binary threshold to

detect white matter lesions and can continuously monitor

white matter changes. The classification accuracy of the

LDA algorithm for separating the controls from the SIVD

group in the UNM cohort was 88.3% (Supplementary

Materials for further details). VDFraw is given by,

VDFraw ¼ 0:135Log10 PSMD� 1e4
� �

þ 0:991Log10 mFW � 1e2
� ��1:474,

with cth ¼ 0:

(1)

Cograw was calculated was calculated as a linear func-

tion of ADNI_MEM and ADNI_EF. The ADNI data (538

subjects) were used to define a linear discriminant func-

tion that best separated subjects with normal cognition

(aCN) and those with some cognitive impairment (aMCI

+ aAD). An independent dataset was not available in this

case for calculating Cograw. The previous LDA method

was used, and additionally we validated the stability of

the Cograw by leave-one-out cross-validation method

(Fig. 1B). Cograw is given by,

Cograw ¼ �0:076ADNI_EF�0:997ADNI_MEM þ 0:519,

with cth ¼ 0:

(2)

This classification rule had 82.2% accuracy for separat-

ing the ADNI group aCN from the combined

aMCI + aAD groups.

ADFraw was based on the results of an independent

study, which used the ratio of Aβ42 to pTau and calcu-

lated a cutoff that best matched the PET results for AD

presence21 (Fig. 1C). ADFraw is given by,

ADFraw ¼ Log10 pTau=Aβ42ð Þ,
with cth ¼ Log10 0:022ð Þ ¼ �1:66:

(3)

All the three raw scores, VDFraw, Cograw and ADFraw
were converted to normalized scores VDFnorm, Cognorm,

and ADFnorm by the table based UNT method described

in Supplementary Materials (Fig. 1G–I).

Results

Relationships between Biomarkers

Table 3 summarizes the linear regression results of the

relationships between the biomarkers with age, sex, edu-

cation, protocol differences, and an additional variable as

indicated, treated as a covariate. The partial correlation

was calculated between the residuals after removing the

effect of covariates from each variable.

Biomarker pairs within each modality ([ADNI_EF and

ADNI_MEM], [mFW and PSMD] and [Aβ42 and pTau])

are significantly correlated with each other (Rows 1–3).
The association between Aβ42 and pTau was the weakest

among the three pairs.

The relationship of the individual biomarkers across

modalities was different. VDF was not significantly

Table 2. The classification criteria and the nomenclature of the eight biologically defined subgroups is described below.

Trichotomy subgroups

Trichotomy

notation

Cognition

cog

Alzheimer’s

disease factor

ADF

Vascular

disease

factor VDF

Biological mixed dementia bMX + + +
Biological Alzheimer’s disease bAD + + �
Biological vascular disease

SIVD (subcortical ischemic vascular disease)

bVD + � +

Cognitively low performers with no AD or VD

factors

bCL + � �

Cognitively normal with AD and VD factors

Preclinical MX

bCNMX � + +

Cognitively normal with AD factors

Preclinical AD

bCNAD � + �

Cognitively normal with VD factors

Preclinical VD

bCNVD � � +

Cognitively normal with no AD or VD factors bCN � � �

The groups closest to clinically accepted definitions of subcortical ischemic vascular disease (SIVD) is indicated in the table. The definition of pre-

clinical AD is the presence of AD factors but being cognitively normal, and similarly preclinical VD is the presence of white matter damage due to

normal aging with no cognitive decline.
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associated with pTau, while it was significantly associated

with Aβ42 (Rows 4–5). Similarly, ADF was not signifi-

cantly associated with PSMD, while it was associated with

mFW (Rows 6–7). Although the pair pTau and Aβ42,
and the pair mFW and PSMD are correlated with each

other, they do contribute with independent information

in defining the composite measures.

The composite (Cog) and the individual cognitive mea-

sures (ADNI_MEM, ADNI_EF) are significantly associated

with both ADF and VDF, with ADF having a higher

Figure 1. The top row summarizes the four steps required for calculating a normalized composite score. The next three rows show details of the

steps required for calculating the three different composite scores: (1) Vascular disease factor (VDF), (2) Cognition (Cog), and (3) Alzheimer’s

disease factor (ADF). The black line in (A–C) defines the cut-off for the three examples, with the colors being the contour plots of the raw

composite score. (A) is the contour diagram of the raw score, VDFraw ¼ 0:135Log10�� PSMD�1e4
� �þ 0:991Log10 mFW � 1e2

� ��1:474, with the

black line being VDFraw ¼ 0, and contour lines being VDFraw ¼ 0:1 apart, with red being the positive score. (B) is the contour diagram of the raw

score, Cograw ¼ �0:076ADNI_EF�0:997ADNI_MEM þ 0:519, with the black line being Cograw ¼ 0, and contour lines being Cograw ¼ 1 apart,

with red being the negative score. (C) is the contour diagram of the raw score, ADFraw ¼ Log10 pTau=Aβ42ð Þ, with the black line being

ADFraw ¼ Log10 0:022ð Þ, and contour lines being ADFraw ¼ 0:2 apart, with red being the positive score. The contour lines are at an angle because

ADFraw is the ratio of the two variables.
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correlation then VDF (Rows 8–13). Although ADF and

VDF are significantly correlated with each other (Row 14),

the partial correlation between the cognitive measures and

VDF remains significant, even after the effects of ADF are

removed (for example, r(Cog, VDF/ADF removed) = 0.29

p < 10�7), and similarly the partial correlation between

the cognitive measures and ADF remains significant after

the effects of VDF are removed (for example, r(Cog, ADF/

VDF removed) = 0.42), p < 10�28) (Rows 15–20). ADF
had higher correlation with memory than with the execu-

tive function (ADNI_EF) (Rows 10–11 and 17–18), while
VDF had higher correlation with the executive function

than with memory (Rows 12–13, and 19–20).
The variables mFW and PSMD are highly correlated,

and we examine their relative value in predicting Cog.

Table 4 lists R2 and Akaike Information criteria (AIC) for

the model, predicting Cog based on Log10 mFWð Þ, and

Log10 PSMDð Þ. The value of R2 always decreases with

increased number of variables, but a lower value of AIC

indicates a parsimonious model-fit, because it penalizes

increased number of variables. There is a slight increase

in the explained variance if both the variables, mFW and

PSMD are included for predicting Cognition. The AIC

suggest that the increased complexity of adding PSMD is

not justified in a model to predict Cog based on

Log10 mFWð Þ and on Log10 PSMDð Þ. This calculation

shows that in subsequent versions of the method, mFW

should be sufficient. This conjecture must be examined

over other datasets which include subjects with increased

amounts of vascular disease.

Trichotomy-based subgroups

The trichotomy defined sub-groups (Table 2), along with

the subject distribution across the eight groups is shown

in Figure 2. A dichotomy based on cognition, splits the

ADNI group into two parts based on Cog <= 0.5

(Fig. 2A) and Cog >0.5 (Fig. 2B). Figure S1 in the Online

Appendix shows the six figures based on the dichotomy

of Cog, ADF, and VDF, respectively. The numerical dis-

tribution of the subjects across our eight biologically

defined groups and the ADNI groups (aCN, aMCI, and

aAD) is shown in Table S1.

Overall, 9.3% of ADNI subjects were classified as mixed

dementia (bMX), while in the Alzheimer’s ADNI group

(aAD) 22 of 69 subjects (31.9%) had mixed dementia. In

102 of 283 (36.0%) cognitively normal ADNI subjects

(aCN) Alzheimer’s or vascular disease factors were

Table 3. Results of linear regression and partial correlation after taking into effects of age, sex, education, and an additional covariate if present

are shown.

Row Biomarker1 Biomarker2 Additional covariate Beta SE Partial correlation p-value

1 ADNI_MEM ADNI_EF 0.48 0.029 0.6 <10�52

2 Aβ42 pTau �0.23 0.05 �0.21 <10�5

3 mFW PSMD 0.41 0.018 0.72 <10�75

4 VDF Aβ42 �0.15 0.03 0.2 <10�2

5 VDF pTau 0.01 0.04 0.1 ns

6 ADF mFW 0.56 0.17 0.21 <10�3

7 ADF PSMD 0.19 0.1 0.13 ns

8 Cog VDF 0.37 0.057 0.31 <10�9

9 Cog ADF 0.44 0.035 0.49 <10�30

10 ADNI_MEM ADF �1.35 0.11 �0.49 <10�30

11 ADNI_EF ADF �1.26 0.14 �0.39 <10�17

12 ADNI_MEM VDF �1.1 0.17 �0.3 <10�9

13 ADNI_EF VDF �1.6 0.21 �0.38 <10�13

14 VDF ADF 0.09 0.03 0.2 <10�2

15 Cog VDF ADF 0.29 0.051 0.24 <10�7

16 Cog ADF VDF 0.42 0.035 0.46 <10�28

17 ADNI_MEM ADF VDF �1.27 0.11 �0.46 <10�28

18 ADNI_EF ADF VDF �1.13 0.14 �0.34 <10�15

19 ADNI_MEM VDF ADF �0.85 0.16 �0.23 <10�7

20 ADNI_EF VDF ADF �1.4 0.2 �0.29 <10�11

Partial correlation is calculated from the residuals after removing the effects of the covariates from Biomarker1 and Biomarker2.

Table 4. The relative importance of mFW and PSMD in predicting

cognition is compared.

Regression model R2 AIC

Cog ∼ Log10 PSMDð Þ 0.11 42.29

Cog ∼ Log10 mFWð Þ 0.25 18.45

Cog ∼ Log10 mFWð Þ þ Log10 PSMDð Þ 0.26 20.39
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present. Finally, 107 of 186 (57.5%) of mild cognitively

impaired ADNI subjects (aMCI) had AD factors (groups

bMX, bAD, bCNMX, and bCNAD).

We consider preclinical to be those with normal cogni-

tion but having biological factors (bCNVD, bCNAD, and

bCNMX). Overall, 3.9% of the subjects were classified as

bCNVD (21 out of 538 subjects), 13.5% were classified as

bCNAD (73 out of 538 subjects), and 2.6% were classified

as bCNMX (14 out or 538 subjects).

Biomarker properties for the ADNI
subgroups

We first discuss the variation of the six biomarkers used

in defining the composite scores across the eight groups

(Fig. 3). Next, we discuss the difference across the eight

groups for six additional biomarkers that were not used

in defining the composite scores (Fig. 4).

The differences in cognition, Alzheimer’s disease factors,

and vascular disease factors across the eight groups are

shown in Figure 3. The variation of the biomarkers across

the eight groups follows the expected differences based on

how the groups were created. In Figure 3F there are subjects

in the bAD group with large PSMD values that were not

classified as bMX. This occurs because the composite VDF

score primarily depends on mFW (Eq. 1), and mFW is

small for these subjects. In the groups with normal cogni-

tion there was minimal effect of disease on ADNI_EF and

none on ADNI_MEM. ADNI_EF (bCN) was significantly

greater than ADNI_EF (bCNAD + bCNMX + bCNVD) with

p < 0.02). On the other hand, in the cognitively low per-

formance groups the presence of VDF decreased ADNI_EF,

while the presence of ADF decreased ADNI_MEM.

ADNI_EF (bCL + bAD) was significantly greater than

ADNI_EF (bVD + bMX) with p < 0.02, and ADNI_MEM

(bCL + bVD) was significantly greater than ADNI_MEM

(bAD + bMX) with p < 1e-5.

Figure 4 compares the distribution of the six variables

that were not used in defining the composite scores.

These being (a) sex, (b) APOE4, (c) CDR sum of boxes

(CDRSB) (d) annual change of CDR sum of boxes

(ΔCDRSB/year), (e) hippocampus volume (HV), and (f)

Figure 2. The trichotomy plot (VDF, ADF, Cog) was divided into two figures, based on a dichotomy on cognition, Cog ≤0.5 (A) and Cog >0.5

(B). The colors distinguish the original ADNI classification (aCN, aMCI, and aAD). This figure reflects the characteristics of the ADNI database.

Majority of the subjects fall in bCN and bAD groups (57.6%, bCN + bAD) with considerably lower number of subjects have the vascular disease

factor (18.4%, bCNMX + bCNVD + bMX + bVD). This analysis identifies subjects with mixed dementia (bMX) and those with preclinical VD

(bCNVD) and preclinical AD (bCNAD).
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brain atrophy (BA). Chi-squared test was used to test for

equivalence of proportions in two groups and two-sample

t-test was used to compare means. Except for HV and

BA, the other measures are proportion of subjects. The

nine pairs of groups that we compare are summarized in

Table 5A and the nine hypothesis we test are summarized

in Table 5B. Table 5C gives the p-values for testing each

hypothesis being different across each pair of groups. The

unadjusted p-values were multiplied by 81 for Bonferroni

multiple-comparison correction.

Figure 3. The distribution of the biomarkers that were used for calculating the composite scores is compared across the eight trichotomy groups.

The variation of each marker is as expected based on how the groups were constructed. The memory is not affected by AD or VD factors within

the cognitively normal groups, but within the cognitively low performance groups (bCL + bVD + bAD + bMX), the memory function is

significantly lower in those with AD factors (bAD + bMX) than those without (bCL + bVD).
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The groups based on differences in cognition are G1,

G4, and G5, while those based on differences in vascular

disease (VD) are G2, G6, and G7, and those based on

differences in Alzheimer’s disease (AD) are G3, G8, and

G9. We find the presence or the absence of vascular dis-

ease does not make a difference in the biomarkers con-

sidered (G2, G6, G7). In the presence of disease, the

difference in cognition is more pronounced if AD is pre-

sent (G5) then if VD is present (G4). If the disease status

is ignored then for differences in cognition, every

hypothesis was significant (G1). The groups based on the

presence or absence of AD factors were different for all

the hypotheses, except for sex and BA (G3 and G8). HV

was different in greater number of groups and with

higher significance than BA.

Discussion

Cognitive loss in aging results from a heterogeneous

group of diseases. Biomarkers can be used to separate

Figure 4. The distribution of the biomarkers that were not used for calculating the composite scores is compared across the eight trichotomy

groups. The statistical differences between the groups are discussed in Table 5. There is a greater proportion of males in cognitively low groups

with presence of AD. In subjects with AD and low cognition there was a greater proportion of subjects present with (a) both alleles present

(Fig. 3B), (b) higher values of CDRSB (Fig. 3C) and (c) higher values of ΔCDRSB/year (Fig. 3D), as seen by the green bars. Hippocampal volume

was less in groups with AD and it was more sensitive than brain atrophy to group differences (Fig. 3E,F).

1810 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Homogeneous Subgroups in a Dementia Population A. Caprihan et al.



cognitively impaired patients into more homogeneous

groups to reduce the number of subjects needed in a clin-

ical trial and improve the likelihood of success. We have

previously developed a clustering classification method,

which we called the double-dichotomy method by plot-

ting an Alzheimer’s disease score on one axis and a vascu-

lar disease score on the other.20 We made two

modifications in this report: (1) we used the Alzheimer’s

disease neuroimaging initiative (ADNI) database to

increase the number of participants, and (2) we added

cognitive scores to identify those with and without

impairment. This potentially improved subject homogene-

ity, with each group having well-characterized biological

markers.

Adding the third dimension of cognitive status to the

plots created the “trichotomy method” with the benefit of

clarifying participants in the MX (bMX) and the preclini-

cal groups (bCNVD, bCNAD, and bCNMX). Diagnosing

these patients during life can be done by measuring amy-

loid beta (Aβ) and phosphorylated tau (pTau) in the CSF

or with PET to form an Alzheimer’s disease factor (ADF)

and using the diffusion MRI scan to indicate vascular

Table 5. We test the significance of nine hypothesis based on the distribution of the six variables (Fig. 4) across the eight biological groups. (A)

Gives the different combination of groups being compared based on the eight biological groups. (B) Gives the nine hypotheses being tested based

on the Figure 4 biomarkers. (C) Gives the multiple-comparison corrected p-values for testing each hypothesis.

(A)

Groups description

Groups being compared

Group 1 Group 2

G1 Cognition (low vs. normal) bCL + bVD + bAD + bMX bCN + bCNVD + bCNAD + bCNMX

G2 Vascular disease (VD) (yes vs. no) bVD + bMX + bCNVD + bCNMX bCN + bCNAD + bCL + bAD

G3 Alzheimer’s disease (AD) (yes vs. no) bAD + bMX + bCNAD + bCNMX bCN + bCNVD + bCL + bVD

G4 Cognition (low vs. normal) for VD-Yes bVD + bMX bCNVD + bCNMX

G5 Cognition (low vs. normal) for AD-Yes bAD + bMX bCNAD + bCNMX

G6 VD (yes vs. no) for Cognition – Low bVD + bMX bCL + bAD

G7 VD (yes vs. no) for AD-Yes bMX + bCNMX bAD + bCNAD

G8 AD (yes vs. no) for Cognition-Low bAD + bMX bCL + bVD

G9 AD (yes vs. no) for VD-Yes bMX + bCNMX bVD + bCNVD

(B)

Figure Hypothesis

H1 Figure 3A Proportion of males in Group1 > those in Group 2

H2 Figure 3B Proportion of subjects with at least one allele in Group 1 < those in Group 2

H3 Figure 3B Proportion of subjects with two alleles in Group 1 > those in Group 2

H4 Figure 3C Proportion of subjects with (CDRSB >0) in Group 1 > those in Group 2

H5 Figure 3C Proportion of subjects with (CDRSB >2) in Group 1 < those in Group 2

H6 Figure 3D Proportion of subjects with (ΔCDRSB/year >0) in Group 1 > those in Group 2

H7 Figure 3D Proportion of subjects with (ΔCDRSB/year >1) in Group 1 < those in Group 2

H8 Figure 3E HV mean for Group 1 > that for Group 2

H9 Figure 3F BA mean for Group 1 > that for Group 2

(C)

H1 H2 H3 H4 H5 H6 H7 H8 H9

G1 <1e-5 <1e-4 <0.05 <1e-31 <1e-19 <1e-22 <1e-15 <1e-19 <0.001

G2 <0.01

G3 <1e-17 <1e-7 <1e-14 <1e-15 <1e-13 <1e-8 <1e-8

G4 <0.05 <0.001

G5 <0.001 <1e-15 <1e-9 <1e-7 <1e-7 <1e-13 <0.001

G6

G7

G8 <1e-7 <0.05 <0.01 <1e-6 <0.01 <0.05

G9 <0.05 <0.01

The p-values not listed in (C) are not significant.
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damage to form a vascular disease factor (VDF). Neither

the ADF nor the VDF directly provide an indication of

cognition, leaving out a critical factor for the classification

of patients.

Cognitive status and vascular injury are not explicitly

considered in the ATN framework. The trichotomy

method defines the preclinical groups more clearly, as

they have normal cognition, and presence either of AD

and/or of VD factors. The bCNVD group is only 3.9% of

the ADNI dataset and may represent preclinical vascular

cognitive impairment. Similarly, there is the bCNAD

group with normal cognition, low VDF, and elevated

ADF (13.6%), which would be considered preclinical AD

or Stage 1 or 2 disease according to current guidelines.29

The MX group (bMX) is more clearly defined as abnor-

mal cognition with elevated ADF and VDF (9.3% in

ADNI). The percentage of bMX subjects in the ADNI

cohort are lower than the 25% of the subjects in the

UNM cohort,20 because the ADNI’s exclusion criteria

reduced recruitment of subjects with significant vascular

disease while the UNM cohort involved an enriched num-

ber of vascular patients.

It is rare to find a single pathologic process in the

brains of demented patients with more than two being

the norm and as high as four different pathological pro-

cesses not uncommon.30 This could explain the high fail-

ure rate in clinical trials where only one pathological

process was treated. This would argue for using a more

precise classification process based on biomarkers derived

from the underlying brain pathology.

This biomarker approach has not undergone rigorous

testing in longitudinal studies with large groups of

patients. While the use of the amyloid and tau proteins is

widely accepted, studies with a marker for the N compo-

nent of the formula ATN are few. A recent study also

shows how the selection of a biomarker and cutoff for

“N” in ATN results in different estimated prevalence of

neurodegeneration.31 A stronger argument can be made

for the inclusion of a vascular factor “V” in the ATN for-

mula because of the ability of MRI to indicate injury to

the white matter, which is a strong indicator of vascular

injury. However, the optimal set of biomarkers to deter-

mine white matter damage remains to be determined.

The large number of subjects with all the data necessary

to perform the trichotomy analysis being available in the

ADNI database is a strength of the study. Another

strength is the proposed method for calculating the nor-

malized composite scores for easier comparison among

subjects.

There are several limitations of the study in addition to

the lack of longitudinal data. ADNI lacks diversity being

mainly composed of white, non-Hispanic and college edu-

cated group of participants and the cutoff values are mainly

appropriate for that population. Another limitation is the

selection of the variables to include in the vascular disease

factor. Inclusion of other vascular measures, such as lacunar

infarcts, perivascular space enlargement, and microbleeds

would have provided additional validity to the VDF. Recent

work has reviewed the role of perivascular spaces in AD,32

and elucidated its contribution to early cognitive decline

based on the ADNI data.33 The methods for automatic

quantification of PVS are being developed by different

groups, but these methods need to be evaluated for

consistency.34–36 Similarly, there are other factors that could

have been included in the cognitive factor.

While the trichotomy separates MX patients from those

with AD by including quantitative MRI data, it leaves

unresolved the significance of the bCNVD group; the pres-

ence of white matter hyperintensities on FLAIR in elderly

may be a consequence of aging. Finally, recent technologi-

cal advances have enabled detection of Aβ42, Aβ40, Tau
isoforms, neurofilament light (NfL), and glial fibrillary

acidic protein (GFAP) from blood samples and it may be

possible to combine these blood-based markers with MRI

white matter markers to make the classification more

available for trichotomy classification.37–39 Ultimately the

goal of this research is to provide biomarkers that can be

used in a clinical setting. We have not intended for this

method to be readily translated into a clinical procedure.

However, the MRI biomarkers selected can be obtained

from a clinical 3T MRI that is available at most medical

centers. Therefore, extracting the PSMD and mFW should

be possible. Further work will have to be done to obtain

cut-points for the three axes, and use of other datasets

will be needed to bring this into routine clinical work.

Our study provides a roadmap for other centers with

large datasets and statistical support. The fluid biomarkers

were obtained from the CSF, which is not optimal.

Although the current state of fluid biomarker research is

showing that the plasma-based biomarkers are undergoing

validation against ones from CSF and PET. This will

make more widespread the determination of the AD axis

and with neuropsychological testing and MRI, the other

two axes could be calculated. We expect that in the not-

too-distant future this type of an approach to classifica-

tion will become available for clinical research studies and

the emerging treatment trials that are based on bio-

markers. This approach will be useful with other demen-

tia causing diseases, such as Lewy body disease, limbic-

predominant age-related TDP43 encephalopathy (LATE),

aging-related tau astrogliopathy (ARTAG), or argyrophilic

grain disease (AGD) when appropriate plasma-based bio-

markers are available for them. An improved method of

classification has the potential of reducing the numbers of

patients needed for a clinical trial. The other advantage of

this approach is that it can be used to include patients in

1812 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Homogeneous Subgroups in a Dementia Population A. Caprihan et al.



rural settings at a distance from the research medical

centers.40 In summary, we propose that the trichotomy

framework can be applied to plasma-based biomarkers

and clinical MRI, making it useful for population-based

studies.

An added advantage is the ability to identify MX dur-

ing life with multimodal biomarkers and to show differ-

ent rates of progression of neurodegenerative and vascular

disease pathways, providing a guide to which pathway to

initiate treatment and when to begin treatment of the sec-

ond pathway. In this way biomarkers with statistical clus-

tering methods will be the gateway to precision medicine

in dementia.

Author Contributions

The data analysis was done by Caprihan, Hillmer, and

Erhardt. The clinical and the neuropsychological data from

the University of New Mexico was collected by Adair,

Knoefel, Prestopnik, and Rosenberg. The paper was written

by Caprihan and Rosenberg and reviewed by all.

Acknowledgments

Funding for these studies came from NIH grants to GAR:

UH3 NS100598 (MarkVCID), RO1 NS052305 and RO1

NS068048. This project was supported by an award from

the National Center for Advancing Translational Sciences,

National Institutes of Health under grant number

UL1TR001449. The PRISMA 3T upgrade at The Mind

Research Network was supported by NIH award

S10OD025313.

Data collection and sharing for this project was funded

by the Alzheimer’s Disease Neuroimaging Initiative

(ADNI) (National Institutes of Health Grant U01

AG024904) and DOD ADNI (Department of Defense

award number W81XWH-12-2-0012). ADNI is funded by

the National Institute on Aging, the National Institute of

Biomedical Imaging and Bioengineering, and through gen-

erous contributions from the following: AbbVie, Alzhei-

mer’s Association; Alzheimer’s Drug Discovery

Foundation; Araclon Biotech; BioClinica, Inc.; Biogen;

Bristol-Myers Squibb Company; CereSpir, Inc.; Cogstate;

Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Com-

pany; EuroImmun; F. Hoffmann-La Roche Ltd and its affil-

iated company Genentech, Inc.; Fujirebio; GE Healthcare;

IXICO Ltd.; Janssen Alzheimer Immunotherapy Research

& Development, LLC.; Johnson & Johnson Pharmaceutical

Research & Development LLC.; Lumosity; Lundbeck;

Merck & Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx

Research; Neurotrack Technologies; Novartis Pharmaceuti-

cals Corporation; Pfizer Inc.; Piramal Imaging; Servier;

Takeda Pharmaceutical Company; and Transition

Therapeutics. The Canadian Institutes of Health Research

is providing funds to support ADNI clinical sites in Can-

ada. Private sector contributions are facilitated by the

Foundation for the National Institutes of Health (www.

fnih.org). The grantee organization is the Northern Califor-

nia Institute for Research and Education, and the study is

coordinated by the Alzheimer’s Therapeutic Research Insti-

tute at the University of Southern California. ADNI data

are disseminated by the Laboratory for Neuro Imaging at

the University of Southern California.

Data used in preparation of this article were obtained

from the Alzheimer’s Disease Neuroimaging Initiative

(ADNI) database (adni.loni.usc.edu). As such, the investi-

gators within the ADNI contributed to the design and

implementation of ADNI and/or provided data but did

not participate in analysis or writing of this report. A

complete listing of ADNI investigators can be found at,

http://adni.loni.usc.edu/wpcontent/uploads/how_to_apply/

ADNI_Acknowledgement_List.pdf.

Conflict of Interest

Authors Caprihan, Hillmer, Erhardt, Adair, Knoefel, Pre-

stopnik, and Rosenberg have no conflict of interest and they

have no financial interest to disclose related to this work.

Data Availability Statement

The MRI images and all the data used in this analysis are

directly available from the ADNI database. A spreadsheet

of the summary measures used in this paper and the

python program for statistical analysis and visualization

will be available on request to the corresponding author.

References

1. Collaborators GBDD. Global, regional, and national

burden of Alzheimer’s disease and other dementias, 1990-

2016: a systematic analysis for the global burden of disease

study 2016. Lancet Neurol. 2019;18(1):88-106.

2. Organization WH. Global action plan on the public health

response to dementia 2017–2025. 2017.
3. Gauthreaux K, Bonnett TA, Besser LM, et al. Concordance

of clinical Alzheimer diagnosis and neuropathological

features at autopsy. J Neuropathol Exp Neurol. 2020;79

(5):465-473.

4. Snowdon DA, Greiner LH, Mortimer JA, Riley KP,

Greiner PA, Markesbery WR. Brain infarction and the

clinical expression of Alzheimer disease. The Nun Study.

JAMA. 1997;277(10):813-817.

5. Boyle PA, Yu L, Wilson RS, Leurgans SE, Schneider JA,

Bennett DA. Person-specific contribution of

neuropathologies to cognitive loss in old age. Ann Neurol.

2018;83(1):74-83.

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1813

A. Caprihan et al. Homogeneous Subgroups in a Dementia Population

http://www.fnih.org
http://www.fnih.org
http://adni.loni.usc.edu
http://adni.loni.usc.edu/wpcontent/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wpcontent/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf


6. Sachdev PS. Developing robust biomarkers for vascular

cognitive disorders: adding ‘V’ to the AT(N) research

framework. Curr Opin Psychiatry. 2020;33(2):148-155.

7. Sweeney MD, Montagne A, Sagare AP, et al. Vascular

dysfunction-the disregarded partner of Alzheimer’s disease.

Alzheimers Dement. 2019;15(1):158-167.

8. Koncz R, Sachdev PS. Are the brain’s vascular and

Alzheimer pathologies additive or interactive? Curr Opin

Psychiatry. 2018;31(2):147-152.

9. Iadecola C. The pathobiology of vascular dementia.

Neuron. 2013;80(4):844-866.

10. Benjamin P, Zeestraten E, Lambert C, et al. Progression of

MRI markers in cerebral small vessel disease: sample size

considerations for clinical trials. J Cereb Blood Flow

Metab. 2016;36(1):228-240.

11. Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA research

framework: toward a biological definition of Alzheimer’s

disease. Alzheimers Dement. 2018;14(4):535-562.

12. Hampel H, Cummings J, Blennow K, Gao P, Jack CR Jr,

Vergallo A. Developing the ATX(N) classification for use

across the Alzheimer disease continuum. Nat Rev Neurol.

2021;17(9):580-589.

13. Alber J, Alladi S, Bae HJ, et al. White matter

hyperintensities in vascular contributions to cognitive

impairment and dementia (VCID): knowledge gaps and

opportunities. Alzheimers Dement (N Y). 2019;5:107-117.

14. van Veluw SJ, Arfanakis K, Schneider JA. Neuropathology

of vascular brain health: insights from ex vivo magnetic

resonance imaging-histopathology studies in cerebral small

vessel disease. Stroke. 2022;53(2):404-415.

15. Pasternak O, Sochen N, Gur Y, Intrator N, Assaf Y. Free

water elimination and mapping from diffusion MRI.

Magn Reson Med. 2009;62(3):717-730.

16. Maillard P, Fletcher E, Singh B, et al. Cerebral white

matter free water: a sensitive biomarker of cognition and

function. Neurology. 2019;92(19):e2221-e2231.

17. Duering M, Finsterwalder S, Baykara E, et al. Free water

determines diffusion alterations and clinical status in

cerebral small vessel disease. Alzheimers Dement.

2018;14:764-774.

18. Baykara E, Gesierich B, Adam R, et al. A novel imaging

marker for small vessel disease based on skeletonization of

white matter tracts and diffusion histograms. Ann Neurol.

2016;80(4):581-592.

19. Duering M, Biessels GJ, Brodtmann A, et al. Neuroimaging

standards for research into small vessel disease-advances since

2013. Lancet Neurol. 2023;22(7):602-618.

20. Caprihan A, Raja R, Hillmer LJ, et al. A double-

dichotomy clustering of dual pathology dementia patients.

Cereb Circ Cogn Behav. 2021;2:2.

21. Hansson O, Seibyl J, Stomrud E, et al. CSF biomarkers of

Alzheimer’s disease concord with amyloid-beta PET and

predict clinical progression: a study of fully automated

immunoassays in BioFINDER and ADNI cohorts.

Alzheimers Dement. 2018;14(11):1470-1481.

22. Shaw LM, Waligorska T, Fields L, et al. Derivation of

cutoffs for the Elecsys((R)) amyloid beta (1-42) assay in

Alzheimer’s disease. Alzheimers Dement (Amst).

2018;10:698-705.

23. Guo T, Korman D, La Joie R, et al. Normalization of CSF

pTau measurement by Abeta40 improves its performance

as a biomarker of Alzheimer’s disease. Alzheimers Res

Ther. 2020;12(1):97.

24. Campbell MR, Ashrafzadeh-Kian S, Petersen RC, et al. P-

tau/Abeta42 and Abeta42/40 ratios in CSF are equally

predictive of amyloid PET status. Alzheimers Dement

(Amst). 2021;13(1):e12190.

25. Crane PK, Carle A, Gibbons LE, et al. Development and

assessment of a composite score for memory in the

Alzheimer’s disease neuroimaging initiative (ADNI). Brain

Imaging Behav. 2012;6(4):502-516.

26. Gibbons LE, Carle AC, Mackin RS, et al. A composite

score for executive functioning, validated in Alzheimer’s

disease neuroimaging initiative (ADNI) participants with

baseline mild cognitive impairment. Brain Imaging Behav.

2012;6(4):517-527.

27. Crane PK, Narasimhalu K, Gibbons LE, et al. Composite

scores for executive function items: demographic

heterogeneity and relationships with quantitative magnetic

resonance imaging. J Int Neuropsychol Soc. 2008;14

(5):746-759.

28. Maillard P, Lu H, Arfanakis K, et al. Instrumental validation

of free water, peak-width of skeletonized mean diffusivity,

and white matter hyperintensities: MarkVCID neuroimaging

kits. Alzheimers Dement (Amst). 2022;14(1):e12261.

29. Porsteinsson AP, Isaacson RS, Knox S, Sabbagh MN,

Rubino I. Diagnosis of early Alzheimer’s disease: clinical

practice in 2021. J Prev Alzheimers Dis. 2021;8(3):371-386.

30. Gaetani L, Bellomo G, Parnetti L, Blennow K, Zetterberg

H, Di Filippo M. Neuroinflammation and Alzheimer’s

disease: a machine learning approach to CSF proteomics.

Cell. 2021;10(8):1930.

31. Ebenau JL, Pelkmans W, Verberk IMW, et al. Association

of CSF, plasma, and imaging markers of

neurodegeneration with clinical progression in people with

subjective cognitive decline. Neurology. 2022;98(13):

e1315-e1326.

32. Lynch M, Pham W, Sinclair B, O’Brien TJ, Law M, Vivash

L. Perivascular spaces as a potential biomarker of

Alzheimer’s disease. Front Neurosci. 2022;16:1021131.

33. Sepehrband F, Barisano G, Sheikh-Bahaei N, et al.

Volumetric distribution of perivascular space in relation to

mild cognitive impairment. Neurobiol Aging.

2021;99:28-43.

34. Pham W, Lynch M, Spitz G, et al. A critical guide to the

automated quantification of perivascular spaces in

1814 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Homogeneous Subgroups in a Dementia Population A. Caprihan et al.



magnetic resonance imaging. Front Neurosci.

2022;16:1021311.

35. Sepehrband F, Barisano G, Sheikh-Bahaei N, et al. Image

processing approaches to enhance perivascular space

visibility and quantification using MRI. Sci Rep. 2019;9

(1):12351.

36. Ballerini L, Booth T, Valdes Hernandez MDC, et al.

Computational quantification of brain perivascular space

morphologies: associations with vascular risk factors and

white matter hyperintensities. A study in the Lothian Birth

Cohort 1936. Neuroimage Clin. 2020;25:102120.

37. Thebault S, Booth RA, Freedman MS. Blood

neurofilament light chain: the Neurologist’s troponin?

Biomedicines. 2020;8(11):523.

38. Verberk IMW, Laarhuis MB, van den Bosch KA, et al.

Serum markers glial fibrillary acidic protein and

neurofilament light for prognosis and monitoring in

cognitively normal older people: a prospective memory

clinic-based cohort study. Lancet Healthy Longev. 2021;2

(2):e87-e95.

39. Ferreira PCL, Zhang Y, Snitz B, et al. Plasma biomarkers

identify older adults at risk of Alzheimer’s disease and

related dementias in a real-world population-based cohort.

Alzheimers Dement. 2023. doi:10.1002/alz.12986

40. Honig LS, Kang MS, Lee AJ, et al. Evaluation of plasma

biomarkers for a/T/N classification of Alzheimer disease

among adults of Caribbean Hispanic ethnicity. JAMA

Netw Open. 2023;6(4):e238214.

Supporting Information

Additional supporting information may be found online

in the Supporting Information section at the end of the

article.

Data S1

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1815

A. Caprihan et al. Homogeneous Subgroups in a Dementia Population

https://doi.org/10.1002/alz.12986

	 Abstract
	 Introduction
	 Materials and Methods
	 Subjects
	 Biochemical assessments
	 Composite cognitive scores
	 MRI acquisition
	 Calculation of normalized composite scores

	 Results
	 Relationships between Biomarkers
	acn351869-fig-0001
	 �Trichotomy-based� subgroups
	 Biomarker properties for the ADNI subgroups
	acn351869-fig-0002
	acn351869-fig-0003

	 Discussion
	acn351869-fig-0004

	 Author Contributions
	 Acknowledgments
	 Conflict of Interest
	 Data Availability Statement

	 References
	acn351869-bib-0001
	acn351869-bib-0002
	acn351869-bib-0003
	acn351869-bib-0004
	acn351869-bib-0005
	acn351869-bib-0006
	acn351869-bib-0007
	acn351869-bib-0008
	acn351869-bib-0009
	acn351869-bib-0010
	acn351869-bib-0011
	acn351869-bib-0012
	acn351869-bib-0013
	acn351869-bib-0014
	acn351869-bib-0015
	acn351869-bib-0016
	acn351869-bib-0017
	acn351869-bib-0018
	acn351869-bib-0019
	acn351869-bib-0020
	acn351869-bib-0021
	acn351869-bib-0022
	acn351869-bib-0023
	acn351869-bib-0024
	acn351869-bib-0025
	acn351869-bib-0026
	acn351869-bib-0027
	acn351869-bib-0028
	acn351869-bib-0029
	acn351869-bib-0030
	acn351869-bib-0031
	acn351869-bib-0032
	acn351869-bib-0033
	acn351869-bib-0034
	acn351869-bib-0035
	acn351869-bib-0036
	acn351869-bib-0037
	acn351869-bib-0038
	acn351869-bib-0039
	acn351869-bib-0040


